Differential effects of L-NAME on rat venular hydraulic conductivity. Am J Physiol Heart Circ Physiol 279: H2017-H2023, 2000.-The role of nitric oxide (NO) in microvascular permeability remains unclear because both increases and decreases in permeability by NO synthase (NOS) inhibitors have been reported. We sought to determine whether blood-borne constituents modify venular permeability responses to the NOS inhibitor N G -nitro-L-arginine methyl ester (L-NAME). We assessed hydraulic conductivity (L p ) of pipette-perfused rat mesenteric venules before and after exposure to 10 Ϫ4 M L-NAME. In the absence of bloodborne constituents, L-NAME reduced L p by nearly 50% (from a median of 2.4 ϫ 10 Ϫ7 cm ⅐ s Ϫ1 ⅐ cmH 2 O Ϫ1 , n ϭ 17, P Ͻ 0.001). The reduction in L p by L-NAME was inhibited by a 10-fold molar excess of L-arginine but not D-arginine (n ϭ 6). In a separate group of venules, blood flow was allowed to resume during exposure to L-NAME. In vessels perfused by blood during L-NAME exposure, L p increased by 78% (from 1.4 ϫ 10
microvascular permeability; arginine; endothelium; rat; nitric oxide synthase MICROVASCULAR PERMEABILITY is a dynamic process that may be increased or decreased from basal values by a variety of conditions (11) . Hydraulic conductivity (L p ) is a measure of permeability that reflects the ease of passage of water across the vascular barrier. A variety of stimuli capable of modifying L p include endogenous and exogenous vasodilators (21, 38) , shear stress (37) , hypoxia and hyperoxia (35) , changes in membrane potential (8, 41) , and inflammatory mediators (26, 38) .
Nitric oxide (NO) derived from the vascular endothelium is an important regulator of local blood flow and pressure (24) . The influence of NO on microvascular permeability is less clear, because conflicting results exist in the literature regarding the effects of NO donors and NO synthase (NOS) inhibitors on permeability (9, 14, 32) . Some investigators have proposed that microvascular permeability responses to NO are influenced by blood-borne elements, particularly leukocytes (7, 14) . NOS inhibitors have been reported to increase leukocyte adhesion to the vascular endothelium (16) , and adherent leukocytes have been associated with increases in microvascular permeability (15, 36) . Harris (7) reported that the NOS inhibitor N Gnitro-L-arginine methyl ester (L-NAME) increased filtration rate of rat mesenteric capillaries in normal animals but decreased filtration rate in animals depleted of circulating neutrophils or when leukocyte adhesion was inhibited (7) . To determine whether bloodborne constituents modify venular permeability responses to NOS inhibition, we examined the influence of L-NAME on rat mesenteric venular L p in the presence and absence of blood perfusion.
MATERIALS AND METHODS

Solutions
On the day of an experiment, 2 liters of bicarbonatebuffered saline (BBS) were prepared from a 20ϫ stock solution. The BBS contained (in mM) 131.9 NaCl, 4.7 KCl, 2.0 CaCl 2 , 1.2 MgSO 4 , 20.0 NaHCO 3 , and 5.0 glucose and was bubbled with a gas mixture containing 5% CO 2 -5% O 2 -90% N 2 (5) . In experiments in which the test solution contained 10 Ϫ3 M arginine, the concentration of NaCl in the BBS used for control L p measures was increased to control for the osmolar effects of arginine. The pH was measured (pH meter 420A, Orion Research) during equilibration with the gas mixture and was maintained at 7.4 Ϯ 0.05. Perfusate solu-tions contained a final protein concentration of 15 mg/ml, either dialyzed rat serum albumin (essentially globulin free, Sigma no. A4538) or heat-treated and dialyzed homologous rat serum (age, sex, and weight matched; Harlan). Rat erythrocytes (1-3%, vol/vol) suspended in the perfusate solution were used as flow markers for assessment of L p .
Animal Preparation
Male Sprague-Dawley rats (ϳ200-250 g; Hilltop Lab Animals, Scottdale, PA) were anesthetized with an intraperitoneal or subcutaneous injection of thiobutabarbital (Inactin; 130 mg/kg body wt; RBI, Natick, MA). A midline abdominal incision was made, and a loop of small intestine was exteriorized to allow visualization of a small section of mesentery. The rats were placed in lateral decubitus on a custom Plexiglas animal tray, the mesentery was draped over a polished quartz pillar (Heraeus-Amersil, Fairfield, NJ), and the intestine was covered with saline-moistened gauze. The animal was positioned on the stage of an inverted microscope (Nikon Diaphot 200 or Leitz Diavert), and the preparation was visualized with either a ϫ32 or ϫ20 objective. The mesentery was superfused continuously with gas-equilibrated BBS at 37°C. A venule with brisk flow and Ͻ2 adherent leukocytes/ 100 m vessel length was cannulated as described below.
Determination of Hydraulic Conductivity
Venular L p was determined by the modified Landis microocclusion technique (13, 23) . The assumptions and limitations of this technique have been described previously (2) . Briefly, a beveled micropipette connected to a water manometer was used to cannulate a microvessel and control vascular hydrostatic pressure.
To measure volume flux (J v ), we occluded the venule downstream from the cannulation site for a few seconds with a second glass micropipette. Free movement of cells from the pipette into the vessel lumen provided evidence that the cannulation was free of leaks when the vessel was occluded. During occlusion, movement of marker erythrocytes toward the microoccluder represented fluid filtration (J v ) across the venule. The image of the perfused vessel was videotaped (NC-70 camera, Pulnix America, Sunnyvale, CA; and a Panasonic AG-7350 video recorder, Matsushita Electric Industries, Osaka, Japan), together with the image of a video timer (VTG-33, FOR-A), for later measurement and analysis. Measurements were performed with a computer-assisted image analysis program (NIH Image, version 1.6) on a personal computer (Macintosh, Apple Computer, Cupertino, CA). The measured parameters were vessel radius (r, in cm), initial distance between marker erythrocyte and occluder (X o , in cm), and initial marker cell velocity [(⌬x/⌬t), in cm/s], beginning 2 s after vessel occlusion. With the use of these parameters, fluid flux per unit surface area (J v /S, in cm/s; Eq. 1) was determined at several vascular hydrostatic pressures (P v , in cmH 2 O)
The determination of Lp was based on the modern form of the Starling equation for fluid filtration (Eq. 2), which relates J v /S to the hydrostatic pressure gradient (⌬P) between the vessel (P v ) and interstitium (P i ) and the product of the reflection coefficient () and oncotic pressure gradient (⌬) between the vessel ( v ) and interstitium ( i ). Assuming a negligible P i and a constant ⌬ during occlusion, L p (in cm ⅐ s Ϫ1 ⅐ cmH 2 O Ϫ1 ) was determined as the slope of the leastsquares regression of J v /S on ⌬P, with a pressure axis intercept of ⌬ (in cmH 2 
Experimental Protocols
The tissue was superfused continuously (5 ml/min), and measurements of L p were begun 2 min after cannulation. After initial measurements of L p (L p control ) were obtained during superfusion with BBS alone, the superfusate was changed to one of the test solutions. Test measurements of L p (L p test ) began ϳ1 min after exposure to the test solution and were continued for 15-30 min. In some experiments, blood flow was allowed to resume during exposure to the test agent with the use of a method described by He et al. (10) and outlined below. Three protocols were performed.
Protocol 1: Direct vascular effects of L-NAME on L p . To determine the direct vascular responses to NOS inhibition independent of blood-borne constituents, we used the arginine analog L-NAME. After control L p measurements were obtained, one group of vessels (n ϭ 10) was superfused with 10 Ϫ4 M L-NAME, and test measurements were repeated. To exclude nonspecific effects of L-NAME due to charge, we superfused a second group of vessels (n ϭ 9) with the biologically inactive enantiomer N G -nitro-D-arginine methyl ester (D-NAME) (10 Ϫ4 M) as the test solution. Protocol 2: Influence of arginine on direct effects of L-NAME on L p . To further evaluate the specificity of the responses to L-NAME, we exposed another group of vessels (n ϭ 6) to a test solution containing 10 Ϫ4 M L-NAME and a 10-fold molar excess of the charged but biologically inactive isomer Darginine (10 Ϫ3 M). After L p was measured during exposure to L-NAME and D-arginine, the test solution was changed to 10 Ϫ4 M L-NAME and 10 Ϫ3 M L-arginine, and measurements were repeated. The effects of L-arginine (10 Ϫ3 M) alone on L p were assessed in another group of vessels (n ϭ 4).
Protocol 3: Influence of blood-borne constituents on L p responses to L-NAME. To assess the contribution of blood-borne constituents to the responses to NOS inhibition, we exposed vessels to L-NAME in the presence of blood perfusion. After control measurements of Lp were obtained (n ϭ 10), the pipette was removed from the vessel to allow blood flow to resume (10) . The mesentery was then superfused with 10 Ϫ4 M L-NAME. After 15 min, the vessel was recannulated, and test measures were repeated. To control for temporal effects of L-NAME on L p , another group of vessels (n ϭ 7) was exposed to 10 Ϫ4 M L-NAME (without removing the pipette from the venule), and test measures began 15 min after the onset of exposure to L-NAME. To exclude nonspecific effects of L-NAME due to charge, we exposed a final group of vessels to 10 Ϫ4 M D-NAME as the test solution during resumption of blood flow (n ϭ 6).
Statistical Analysis
Absolute values of L p are expressed as medians Ϯ median absolute deviation, because this parameter is not distributed normally (this study and Ref. 6 ). All other data are expressed as means Ϯ SE. Statistical analyses were performed with StatView 5.0 software (SAS Institute) and a Macintosh computer. Control and test L p values in each group were compared by Wilcoxon signed rank test, and control L p values among groups were compared with the Mann-Whitney U test. To calculate the average test-to-control ratios (L p test / L p control ) for each group, the logarithm of each ratio was used to weigh equally increases and decreases in L p . The average response was derived as the antilogarithm of the mean of the logs (19, 32) .
RESULTS
Control Data
The frequency distribution of control values of L p of 52 venules (diameter ϭ 32.7 Ϯ 1.0 m) reported here is shown in Fig. 1 . The frequency distribution differed from that of a normal distribution (Kolmogorov-Smirnov normality test, P Ͻ 0.05).
Influence of L-NAME on Venular L p : Absence of Blood-Borne Elements
Superfusion with the NOS inhibitor L-NAME (n ϭ
The effects of L-NAME of decreasing L p were evident within 2 min of superfusion of the test solution ( Fig.  2A ) and remained constant during the duration of the experiments.
To evaluate further the specificity of the responses to L-NAME, we examined the influence of arginine on the responses. After control measures of L p were obtained, the superfusate was changed to 10 Ϫ4 M L-NAME and 10 Ϫ3 M D-arginine as the first test solution. After L p was assessed under those conditions, the superfusate was changed to 10 Ϫ4 M L-NAME and 10 Ϫ3 M L-arginine. In the presence of D-arginine, L-NAME led to a reduction in Lp (Lp control ϭ 2.6 Ϯ 0.3 ϫ 10
However, superfusion with L-NAME in the presence of a 10-fold molar excess of L-arginine increased L p above initial control values (L p test /L p control ϭ 1.66 Ϯ 0.32, P Ͻ 0.05) (Fig. 3) . Superfusion with L-arginine alone (10
Influence of Blood-Borne Constituents on L p Responses To L-NAME
To determine whether exposure to blood-borne elements influence venular permeability responses in the presence of L-NAME, we allowed blood flow to resume Ϫ4 M N G -nitro-L-arginine methyl ester (L-NAME; F, n ϭ 10) and 10 Ϫ4 M N G -nitro-D-arginine methyl ester (D-NAME) (E, n ϭ 9) on L p of pipette perfused vessels. B: influence of 15 min of exposure to test solutions before test measurements of L p were obtained. Two groups were perfused with blood during exposure to either L-NAME (s, n ϭ 10) or D-NAME (ᮀ, n ϭ 6), and another group was perfused with protein in bicarbonate-buffered saline (BBS) during L-NAME exposure (OE, n ϭ 7). in one group of venules after control measures of L p were obtained. L-NAME (10 Ϫ4 M; n ϭ 10) or D-NAME (n ϭ 6) was superfused during blood perfusion, and the vessels were recannulated 15 min after the superfusate was changed. In those vessels (pipette and blood perfused, Figs. 4 and 5), L-NAME led to an increase in Lp from control values (L p control ϭ 1. (Fig. 4) . To control for temporal changes in L p during exposure to L-NAME, we exposed another group of vessels (n ϭ 7) to L-NAME for 15 min before beginning test measures of L p without removing the pipette from the microvessel. In those vessels, exposure to L-NAME led to a reduction in
The time course of the responses to L-NAME in vessels with and without exposure to blood is shown in Fig. 2B ; the net response is illustrated in Figs. 4 and 5 . Whereas the number of adherent leukocytes per 100 m in vessels exposed to L-NAME (5.1 Ϯ 2.5, mean Ϯ SE) tended to be greater than that in vessels exposed to D-NAME (2.9 Ϯ 0.8), the difference did not reach statistical significance (P ϭ 0.3).
DISCUSSION
The main finding of this study is that one index of microvascular permeability, venular Lp, was modified acutely by the NOS inhibitor L-NAME. Importantly, the direction of the response differed according to the presence of blood-borne constituents in the vessels during L-NAME exposure.
Control Values
The control values of rat venule L p reported in this study are similar to those reported by Kendall and Michel (13) using the same model. The frequency distribution shown in Fig. 1 shows that the distribution of values is not described by a normal distribution. The distribution is similar to those of frog mesenteric capillaries (6) and capillary filtration coefficient values in perfused mammalian hindlimbs (29) . The reasons for the shape of the frequency distribution are not clear. Hargrave et al. (6) reported that frog capillary L p values are normalized with a fourth-root transformation. Whether the shape of the distribution is due to a normal distribution of pore dimensions (of circular cross section, with resistance inversely proportional to the fourth power of the radius), as theorized by Pappenheimer et al. (29) , remains to be determined. Regardless of the underlying mechanism, nonparametric statistics most appropriately describe this parameter.
Influence of NOS Inhibition
In venules exposed to physiological salt solution (PSS) and protein, but in the absence of other elements contained in whole blood, exposure to L-NAME enhanced the vascular barrier properties, as evidenced by a nearly 50% reduction in permeability from control levels. The data support the conclusion that the responses were specific to NOS inhibition, because the inert enantiomer D-NAME was without effect on L p . Furthermore, L-arginine but not D-arginine prevented the reduction in L p by L-NAME. In fact, during exposure to L-NAME and L-arginine, L p increased above control values. This finding is intriguing because endothelial cell NO production has been reported to depend little on extracellular arginine availability (28). Some Ϫ4 M L-NAME or D-NAME on L p of venules perfused with blood during exposure to the test solution (pipette-and blood-perfused groups) and venules perfused by protein in BBS during exposure to the test solution (pipette-perfused groups). Data are means Ϯ SE; n ϭ no. of experiments in each group. *P Ͻ 0.01, **P Ͻ 0.001.
Fig. 4. Influence of 10
Ϫ4 M L-NAME on L p of 2 groups of rat mesenteric venules. One group was perfused with blood during exposure to L-NAME (E, n ϭ 10), and another group was perfused with protein in BBS during L-NAME exposure (F, n ϭ 7). The control values of L p (L p control ) did not differ statistically between the 2 groups.
investigators, though, have noted increases in NO production by extracellular arginine despite high cellular arginine content, leading to coining of the term "arginine paradox" (3). Substrate limitations due to colocalization of endothelial cell NOS and the arginine transporter cationic amino acid transporter 1 in endothelial caveolae have been proposed as a possible mechanism to account for this paradoxical phenomenon (20) . However, in the absence of L-NAME, L-arginine did not influence venular L p . Notably, Yuan et al. (40) described a similar effect of L-arginine on solute permeability of pig coronary venules: no effect on resting permeability but a 2.5-fold increase in permeability above control values after exposure to a NOS inhibitor. This finding may be attributed to enhanced NO release due to restoration of NO synthesis following NOS inhibition, as implied by Yuan et al. (40) . In venules in which blood flow resumed during the experiment, L-NAME led to a 78% increase in L p , in contrast to the 50% decrease in L p in venules perfused only with PSS and protein. The increase in permeability was not due solely to mechanical stimulation by recannulation of vessels after blood perfusion because substitution of D-NAME for L-NAME in these protocols was without effect on L p . These findings support the conclusion that NO has a dual effect on microvascular permeability: a direct influence on the vascular barrier, leading to increases in volume flux, and a second indirect effect mediated by blood elements, resulting in decreases in volume flux.
Leukocytes might be the blood-borne elements responsible for the secondary effect of NO on permeability. Leukocytes are associated with inflammatory changes in permeability, because depletion of circulating leukocytes abolishes the increases in permeability by various agonists (36) . Adhesion to vascular endothelium is believed to be necessary for leukocytes to exert a permeability effect, possibly through adhesion-dependent functions such as emigration and superoxide production (15) . Furthermore, L-NAME has been reported to increase leukocyte adhesion in blood-perfused rat mesenteric venules (17, 31) . However, a direct effect of adherent leukocytes on the venules per se did not appear to account for the findings in this study, because the number of adherent leukocytes in the vessel segments used for assessment of L p was not different between the L-NAME and D-NAME groups. Whether downstream leukocyte adhesion alone accounts for this observation (via a communicated response), as theorized by Harris (7), or whether additional blood-borne elements account for the L-NAME-induced increases in permeability remains to be determined in future studies.
Other blood-borne elements that might account for these findings are platelets. Platelet aggregates have been described at the sites of inflammatory changes in rat mesenteric venules (1, 39) , and platelet granules contain various proinflammatory agents (27) associated with increases in microvascular permeability. Because NO inhibits platelet aggregation (24) , it is conceivable that platelets may account for the increased permeability in vessels exposed to L-NAME in the presence of blood perfusion. Regardless of the bloodborne element involved in the secondary actions of NO on permeability, our study suggests that endogenous NO plays an important role in the regulation of basal hydraulic conductivity in the intact vasculature.
The mechanisms responsible for changes in L p by NOS inhibition remain elusive. Microvascular volume flux occurs primarily through water-filled pathways, presumably the interendothelial cell junctions as well as several transendothelial pathways (reviewed in Ref. 22) . We theorize that NOS inhibition alters the geometry of these pathways, thereby leading to decreases in volume flux. This may be consequent to NO-mediated actions on one of the cellular components of the venular wall, endothelial cells, pericytes, or vascular smooth muscle. Endothelial cells possess the ability to change shape in vivo and in vitro (25, 30) . Cultured endothelial cells have been reported to change shape when exposed to an NO donor, sodium nitroprusside (25) . Because endothelial cells possess soluble as well as particulate guanylyl cyclase (18) , an increase in NO may, in an autocrine manner, modify endothelial cell geometry, thereby altering the dimensions of the volume flux pathways. Although the role of pericytes, contractile cells lying in close apposition to microvascular endothelial cells including rat mesenteric venules (12) , in regulation of permeability is poorly understood, rat mesangial pericytes also change shape in response to NO donors (33) . The role, if any, of vascular smooth muscle in regulation of venular hydraulic conductivity has not been studied.
Comparison With Other Studies
The reduction of L p by L-NAME in pipette-perfused venules is consistent with our previous report that superfusion of the NOS inhibitor N G -monomethyl-Larginine (L-NMMA) decreased frog mesenteric capillary L p (32) . The similarities in L p responses to NOS inhibitors between frogs and rats suggest that the basic mechanisms responsible for regulation of volume flux are conserved among animal species. These findings are also consistent with data from Yuan et al. (40) showing that L-NMMA decreased permeability coefficients to albumin in porcine coronary venules. He et al. (9) reported that perfusion with L-NMMA and L-NAME increased frog capillary L p transiently; over longer times, they inhibited the increases in L p induced by ionomycin and ATP. Thus the authors suggested that basal NO release and stimulated NO release have opposite effects on permeability, and they implied that decreases in permeability by NOS inhibitors would occur primarily in leakier vessels with higher basal permeability. The data from the present study argue against that postulate because, in two groups of venules with similar control values of hydraulic conductivity, the presence or absence of blood-borne constituents influenced the response to L-NAME (see Fig. 4 ).
The reductions in L p by L-NAME described in this study were derived from pipette-perfused vessels iso-lated functionally from the remainder of the circulation. This model allows for the study of the direct influence of NOS inhibitors on barrier permeability properties independent of effects mediated by other components of blood. By using the method described by He et al. (10) and allowing blood flow to come back into contact with the venule segment during exposure to L-NAME, we were able to distinguish direct vascular effects of test agents from indirect effects mediated by blood-borne elements. The increases in L p by L-NAME in vessels in which blood flow resumed are consistent with increases in permeability by NOS inhibitors in blood-perfused experiments (7, 14) . The opposing effects of L-NAME dependent on the presence of bloodborne elements reported here are consistent with data reported by Harris (7) in rat mesenteric capillaries. In that study, 10 Ϫ4 M L-NAME increased capillary filtration by 66% from basal levels in normal animals, although it decreased filtration by ϳ50% in neutropenic animals or when leukocyte adhesion was inhibited. Notably, neutrophil adhesion did not occur in the capillaries in which filtration was measured. Thus Harris proposed a communicated response between leukocyte adherence downstream and increased capillary filtration upstream. Although differences in leukocyte adherence in the venule segments studied were not detected in this study, we cannot exclude a contribution of leukocyte adhesion downstream to the increase in permeability by L-NAME in the blood-perfused experiments. Kubes and Granger (14) reported that L-NAME increased vascular protein clearance in blood-perfused feline intestine and that inhibition of leukocyte adhesion attenuated the increases in protein clearance. On the basis of those data, the authors proposed that the increases in protein clearance by L-NAME were due to both leukocyte-dependent and -independent effects. Leukocyte-independent actions of NOS inhibitors that may influence permeability include mast cell activation (4) and changes in oxidation potential (34) , among others. The interaction between leukocyte-dependent and -independent mechanisms in regulation of microvascular responses to NOS inhibitors remains to be elucidated.
Summary and Conclusions
In this study, we report that the NOS inhibitor L-NAME has differential effects on venular hydraulic conductivity, dependent on the presence of blood perfusion. L-NAME had a direct effect on the vascular barrier, leading to decreases in L p , and an indirect effect mediated by yet to be identified constituents of blood, leading to increases in L p . The dual effects of L-NAME on L p may resolve partially some of the conflicting reports in the literature of the influence of NO on permeability. These findings support a role of endogenous NO release in regulation of basal microvascular permeability in the intact microvasculature, with a net response dependent on the integration of direct vascular effects and indirect effects mediated by bloodborne elements.
